Investigations into the distribution of levels of drug resistance within bacterial populations require sensitivity assay methods that are not only accurate and precise but also easy to carry out on large numbers of isolates. Certain organisms present special problems; for example, Neisseria gonorrhoeae is difficult to cultivate and shows very low levels-in absolute terms-of penicillin resistance. Such features put extra demands on the reproducibility and sensitivity of the assay method. This paper describes the successful application of a novel diffusion zone method to surveying the distribution of levels of penicillin resistance among isolates of N. gonorrhoeae obtained from the Bristol area. It is suggested that the method may have wide applicability to such studies.
Material and methods
Source of gonococci The strains used in this investigation were routine isolations from three clinics in the Bristol area. Details are given in the results section.
Cultivation of gonococci Primary isolation was made on the special medium routinely used in our laboratories (Cooper, Mayr-Harting, and McLachlan, 1950) , with and without the addition of 3 [Lg. per ml. vancomycin (Vancocin, Burroughs Wellcome) , 3 ptg. per ml. trimethoprim lactate (Lilly), and 12-5 jig. per ml. nystatin (Mycostatin, Squibb) . Sub- cultures were maintained on the same medium without additions. All cultures were incubated at 37°C. in a candle-extinction jar (Cooper and others, 1950) . Penicillin
The sodium salt of benzyl penicillin (Crystapen, Glaxo) was used throughout. One unit was equivalent to 0-6 jig.
of the dry salt. Solutions were made in sterile de-ionized water.
Determination of minimum inhibitory concentration (MIC) Penicillin was incorporated in the cultivation medium at concentrations of 0-01, 0 03, 005, and 0-08 units per ml. Higher levels were used for certain more resistant strains.
Received for publication November 11, 1974 Each of four test strains were applied to each plate by a standard procedure, which consisted of streaking out the inoculum so as to obtain growth ranging from confluent to isolated colonies on each plate. They were incubated overnight in a candle-extinction jar at 37°C. The MIC was taken to be midway between adjacent concentrations showing the transition from 'growth' to 'no growth'.
Determination of 'critical concentration' (m') THEORETICAL BASIS OF THE METHOD
In their studies on the formation of inhibition zones due to antibiotics diffusing in agar gels, Cooper, Linton, and Sehgal (1958) showed that the time of formation, and therefore the size, of such zones was a definable function of two groups of factors:
(a) Those influencing the rate of diffusion of the antibiotic; (b) Those influencing the time taken for the inoculum of the test organism to grow to some 'critical population' density. Not only did their results reveal the reasons for the extreme variability of diffusion zones when such factors as temperature, inoculum size, and growth rate were insufficiently controlled, but the authors were also able to demonstrate a very important consequence.
It was well established that, if the square of the length of a linear diffusion zone was plotted against the logarithm of the antibiotic concentration from which diffusion took place, a linear graph resulted. Cooper and others (1958) showed that, for a specified organism and growth medium, the point at which the extrapolated linear graph cut the concentration axis at zero zone size was independent of the factors influencing growth, i.e. group (b) above. It was therefore a measure of the intrinsic sensitivity of the organism to that antibiotic and was called the 'critical concentration, (m'). Although the linear relation holds strictly only for linear zones, it is well approximated by the radius of a radial diffusion zone provided that the diameter of the reservoir is sufficiently large (Cooper, 1963) .
Thus, in the diagram (Fig. 1) , organisms A and B have the same growth rate (and inoculum size) but B is ten times more resistant than A to the antibiotic. In contrast, A and C share the same intrinsic sensitivity, but C achieved the critical population faster than A; C may have had a faster growth rate or a larger inoculum. Linton, 1961) By using a few (3 or 4) logarithmically spaced antibiotic concentrations and plotting the linear graph formed by the squared radius, or diameter, of their corresponding inhibition zones-corrected for the diameter of the reservoir, it is possible to estimate m' on a specified medium from the results of a single plate and free from the common sources of inaccuracy. The critical concentration (m') is always larger than the minimum inhibitory concentration (MIC) determined by incorporation methods, for reasons discussed by Cooper (1963 Cooper ( , 1972 Cooper, 1963 Cooper, , 1972 and a discussion of their technical implications by Linton (1961) , we feel that the dangers are still not fully appreciated. All too often one encounters methods which rely on the notion that if two strains of the same organism produce unequal inhibition zones in response to the same reservoir concentration of antibiotic then the organism producing the larger zone must be more sensitive. This is simply not true: it is impossible to make such a statement if armed only with the evidence from a single concentration (see Fig. 1 ). Linton (1961) showed how the theoretical studies pointed the way to a method of estimating degrees of resistance that overcame the difficulties of the diffusion methods at the expense of very little extra manipulation. It is this approach that we have developed and applied to the definition of the distribution of levels of penicillin resistance among local strains of gonococci.
The estimate of resistance obtained by this method is the so-called 'critical concentration' (m'), which represents the concentration of antibiotic that has diffused to the zone edge at the time of its formation. Cooper's group (Cooper, 1963 (Cooper, , 1972 found that m' was always greater than MIC, determined by the incorporation method, and discussed the likely reasons for this difference. Their important practical conclusion was that, for a specified sort of bacterium on a specified medium, the ratio m': MIC remained constant within the experimental variation. formed the clusters showing highest resistance (MIC 0-6 to 0 7 and 0 9 to 1 9 units per ml., respectively).
Each cluster was sharply demarcated from its neighbours, and a remarkable degree of similarity was evident in the distributions from the different centres; although it is possible that the two most resistant clusters will merge when more data are collected. It is obvious that the 'points of rarity' indicated by the histograms, i.e. MIC values which never or rarely occurred, would probably not have been detected if our survey had employed an incorporation method with logarithmically spaced concentrations; the four clusters could have merged into one.
We forbear from speculation, here, on the underlying mechanism(s) of penicillin resistance in gonococci, nor do we discuss the clinical implications; these topics will be the subjects of future studies. We would merely point out that the method described in this paper appears to have the qualities required to facilitate such studies. Finally, we suggest that this same approach could be profitably applied to similar investigations with other organisms and other antibiotics. Summary A novel diffusion zone method for quantitative assay of the antibiotic sensitivity of bacterial strains was tested on freshly isolated gonococci. Smoothly variable estimates of the minimum inhibitory concentration of penicillin for these strains was obtained with sufficient accuracy and precision (coefficient of variation c. 10 per cent.) by means of a simple graphical analysis and without replication. Such estimates were free from the chief sources of error associated with the commonly applied 'incorporation' and 'diffusion' methods. The method revealed that 816 isolates of gonococci obtained in the Bristol area during a 6-month period fell into a large 'sensitive' group (MIC c. 0-02 unit per ml.) and three smaller more resistant groups, and that this pattern occurred in three widely spaced centres within the area. It is suggested that the method is capable of revealing details of distribution that may be masked by the usual techniques and that it is of wide applicability. 
